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STRATIGRAPHY, STRUCTURAL GEOLOGY, AND
METAMORPHISM OF THE WATERVILLE-VASSALBORO
AREA, MAINE
ABSTRACT
Tl

Mwflower Hill Formation, the vVaterville Formation, and the Vassalboro

Forma~~n 'have been delineated in the vVaterville-Vass~lboro ;trea. Both th e

Mayflower Hill and the Vassalboro Formations are dommantly. heavy bed~ed,
· ·k The vV·i terville Formation consists of greemsh gray, thmly
'
.
l
ti
-t
) ue-gray wac e. .
11
laminated phyllite and Jimcstone in the centrnl part of the m ea, ) ut to 1e wes
it contains heavy beds of wacke as well.
Sedimentary features at the formational contacts ind'.catc that th.e stratigr~~hic
.
Id ·t to youngest is Mauflower Hill Fonnation, vVaterv11le Forn1at.Jon,
oreler, f 1 om o es
, ·
,
· ·n F
·
·,
15
and Vassalboro Formation. Fossils suggest that tile Mayflowe: H1.
ormatt~~ .
upper Llandovery in age, and that the \Vaterville Formation 1s \ Venlock 01
Ludlow in age.
Bodies of biotite g ranocliorite and binary quartz monzonite i~trude the
sedimentary units. These bodies are interpreted to be of Middle D evornan age.
Folds formed in three episodes of deformation. The earliest f~lds are the
dominant structural element. They are represented by isoclinal f~ld~ :v1th northea~~
axial traces. A second generation of fo lds, superposed on the 1soclmal folds, aie
asymmetrical and have northeast-trending axial surfaces. A nm.ch younge~ deformation is represented by conjugate asymmetrical fold~, coniugate flexm es, and
kink-bands.
Contact metamorphic aureoles are associated with tl1c intrusive bodies in th.e
northwest part of tile area. To the south, however, the contact mctamorplusm JS
overprinted by a younger regional metamorphism of the Buchan type. .Garn~t,
111
andalusite-staurolite, cordierite, and sillimanite isograds have ~een mapped
pelite. The regional metamorphism is interpreted to have a Penman age.

INTRODUCTION
Purpose
Geological studies were undertaken in the Waterville-Vassalboro
area in an attempt to further the understanding of the stratigraphy and
structural geology of south-central Maine. These sh1dies have regiona'1
importance. Two fossil localities near \•Vaterville and the stratigraphic
relationships determined there forrn part of the basis for dating rocks
in southeastern New Hampshire, central Massachusetts and central
Connecticut. In addition the area affords an excellent opporhmity to
study the progressive metamorphism of pelite and associated calcareous
rocks from the low chlo1;te zone into the sillimanite zone.
Location
The Waterville-Vassalboro area lies in south-central Maine between
west longitude 69°35' and 69°50' and north latitude 44 °20' and
44 °35' (see Index Map, Fig. 1). 1't covers pa·rts of the Augusta, Norridgewock, Waterville, and Vassalboro quadrangles of the Topographic
Atlas of the United States Geological Survey.
Waterville, the largest city within the area, is situated in the north
central part of the region. Augusta lies just south of the mapped area.
Topography and drainage
A surface of low relief averaging between 100 and 200 feet underlies
much of the area. Rivers and sb·eams that cut into this surface are in
steep walled valleys. Hounded hills rise as much as 400 feet above the
general level in the southern part of the area and as much as 700 feet
in the north.
The Kennebec Hiv·er is the main drainage of the area. The
Sebasticook River is tributary to the Kennebec, joining it at 'Winslow.
McGrath and Ellis Ponds, Great Pond, and Messalonskee Lake flow
into the Kennebec via Messalonskee Stream; China Lake flows into
the Sebasticook through Outlet Stream; and Webber Pond, Threernile
Pond, and smaller ponds in the southeast part of the area drain into
the Kennebec through Seven-mile Brook.
Acknow led gem en ts
The geological study of t11e Waterville-Vassalboro area was done
under the auspices of the Maine State Geological Survey, Department
of Economic Development. The cooperation and assistance of this
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Haymond ( 19.31 ) examined and redescribed specimens identified as
Phyllodocites and Nereites from the ·waterville Shale. The specimens
apparently belonged to a mixed collection taken from the west shore
of the Kennebec River at the old campus of Colby College and from
a railroad cut near Benton.
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Keith ( 1933) compiled a preliminary geologic map of Main e. His
map shows the rocks in the vicinity of Waterville occurring in a
large north-plunging syncline and resting on Precam brian to the cast,
south, and west. Thus, on this map, the contact between the Vassalboro
Sandstone and rocks to the south and west is inferred to be a profound
unconformity.
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Loca twn of the \ Vaterv1llc-Va~s.1Jboro
.uca , :-.!aine.
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office, and particularly of Hobert G. Doyle, State Geologist, are
much appreciated.
.
.
.>
In addition many geologists have provided shmulat1on and a mme
com plete understanding of the regional ge°:logy. ~mon.g these a r~ Daniel Barker, Charles V. Guidotti, Kost Pa11kiwskYJ, Jeffrey Warner, and
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Geological observations were made a long the Kennebec Ri,·er as
early as 1839 (Jackson, 1839) . Additional observations in this area
were made by Hitchcock ( 1861, 1862). This wo1·k w as rough reconnaissance.
The first significant work was that of Perkins and Sm ith ( 1925 ),
who mapped and described the rocks within a rectangular area
between Waterville and Penobscot Bay. \Vithin the vicinity of
Water ville they defined the Wa terville Shal e and the Vassalboro
Sandstone. The Waterville Shale was assigned a Silurian age on the
basis of graptolitcs from a quarry northwest of Waterville. The
Vassalboro Sandstone was interpre ted to be older than the Watervil!e
Shale mainly because exposures of unaltered Vassalboro along the ea5t
margin of its outcrop "occur within a few rods of highly metamorphic
rocks."
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Arthur Hussey. The manuscr.i pt was read and criticized by Marland
P. Billings and Bradford A. Hall.
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Fisher ( 1941 ) described the geology of the Lewiston quadrangle
and the surrounding terrain as far north as Waterville. His work
indicated that the rocks in the Lewiston quadrangle cou ld be traced
directly into those at Wa ter ville, and that the differences in the rocks
were due to increased grade of metamorphism to the south. H e
recognized units equivalent to the Vassalboro Sandstone and the
Water ville Shale of Perkins and Smith. H e followed their interpretation and made the rocks equivalent to the 'Waterville Shale younger
than those equivalent to the Vassalboro Sandstone.

7

Barker ( 1961) studied the granite at Augusta and Hallow~ll an?
made numerous observations on the adjacen t schist and granuhte. His
stratigraphy follows rthat of Perkins and Smith in that he interprets
the Waterville Shale to be younger than the Vassalboro Sandstone,
and both the 'Waterville and the Vassalboro to rest on older units
toward the east.

Lithology. Wacke and phyllite are the common lithic types of
the Mayflowe r Hill Formation. These lithic types are vertically gradational within the same bed ( Fig. 2B), the thickness of the wacke gen erally being eight to nine times that of the phyllite. In some p laces
where thick beds of wacke are well exp osed, they display delicate cross
lamination. Black phyllite forms a single uni t, 100 to 200 feet thick.
1

STRATIGRAPHY OF THE LAYERED ROCKS
General statement
Fine-grained calcareous wacke, quartz wacke, thinly interbedded
phyllite and quartzite, gray limestone, and minor units of black
phyllite have been mapped in the Waterville-Vassalboro area. The~e
rocks have been grouped into three formations: the Mayflower H11\
Formation, the \Vaterville Formation, and the Vassalboro Formation.
Their distribution is shown in Plate 1.

Mayflower Hill Formation
Name. The name, Mayflower Hill Formation (new name), is used
to designate wacke and minor phyllite exposed in a narrow belt between Fairfield and Belgrade (Pl. 1). Good exposures may be ~tu died
at the quarry 1.1 miles 0° from Colby College, on the campus of
Colby College, and 1.3 miles 97° from Oakland. The formation receives its name from Mayflower Hill , just south of Colby College.

Distribution. The distribution of the Mayflower Hill Formation
is s'how11 in Plate 1. It crops out in a band 7,000 feet rtO a few tens
of feet wide that ,extends across the \Vaterville-Vassalboro area from
the north edge of the map, two miles 335° from Fairfield, to the west
margin of the map at Belgrade. A second band wi th a maximum
width of 4,000 feet parallels the first. It extends southward from
Fairfield to the vicinity of Cowan School.
Thickness. The Mayflower Hill Formation is bounded east and
west by the Waterville Formation. Hs contact with the Waterville
Formation is gradational by interbedding over a distance of 50 feet.
A thin black phyllite unit occurs within a few feet of this contact,
and for convenience, it has been used to delineate the contact with
the overlying Waterville Formation in Plate 1.

B.

A.

F igure 2. Exposures of the Mayflower Hill Formation. A. Bedding characteristics of the Mayflower H ill Formation, 1.2 miles 98° from Oakland. B. Graded
bedding in the Mayflower Hill Formation, 1.2 miles 98 ° from Oakland .

Although the Mayflower Hill Formation is exposed in the chlorite
and garnet zones of metamorphism, its mineralogy is much the same
over its entire outcrop.
The wacke commonly weathers white or very hght gray. A close
examination of the surface reveals small clasts of quartz, white
feldspar, and minor slare. The clasts stand out in minute relief against
the groundmass. On fresh sm faces the rock is bJujsh gray with a few
plates of muscovite parallel to t he surface of foliation. Most beds
effervesce slightly with cold, dilute hydrochloric acid.

No estimate of thickness can be given, but it certainly must be in
excess of 1,000 feet.

Under the microscope the wacke consists of clasts of quartz,
feldspar, and minor slate in a matrix of quartz, biotite, calcite, and
muscovite. Modes appear in Table l. Clasts of quiutz, 0.03mm to
0.3rnm in longest dimension, are subangular. Both single and multi-
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which defines the schistosity. Biotite forms both as porphyroblasts
and as smaH grains. These gmins do not have as good a preferred
orientation as the muscovite. Chlorite, ilmenite, and zircon are
accessories.

crystal chsts am common, and all show undulatory extinction. Feldspar 11anges from 0.3mm to 0.5mm in size, and most of these clasts are
subangular. Grains tl1at are relatively free of inclusions and show
polysynthe tic twinning are sodic plagioclase, whereas those grains
that are much sericiticized are aklali feldspar. Fragments of slate,
0.5mm to 0.6mm in size, consist of fine-grained quartz and micaceous
minerals.
The matrix of the wacke cont·a ins abundant quartz, O.Olmrn to
0.03mm in size. These grains are nearly •e quant, and most are strained.
Biotite, in ragged plates O.Olmm to 0.04mm across, is distributed
through the 1:,rroundmass. Many of the plates have a crudely preferred
orientation that approximately paTrallels the schistosity. Biotite penetrates quartz of all sizes. Calcite forms irregularly shaped grains that
mold around qua1'tZ and biotite. Grains of calcite range from 0.04mm
to 0.2mm in size. Locally, biotite and quartz are included in the
calcite. Muscovite forms grains that range from O.Olmm to O.lmm in
size. Their basal faces are roughly aligned ·a nd along with the biotite
define the schistosity. Accessories include ilmenite, tourmaline, rutile,
zircon, apatite, and chlorite.
Table 1
Modes of the Mayflower Hill Formation
( Based on visual estimates)

1
Quartz
Microcline
Plagioclase
Muscovite
Biotit0
Chlorite
Calcite
Accessories
Clas ts
Matrix
1.
2.

55 %

2
77 %

3
80 %

~2

~8

2

6

3

2
4

38

2

1

<l

l

<l

15
85

35
65

1
18

23
77

Dark medium-gray ( N4) massive, calcareous wacke. Drummond Avenue,
two miles northeast of \,Ya,tcrville.
Light-gray ( N6) mas»ive, slightly calcareous quartz wacke. Holland Brook,
1.3 miles southwest of Fairfield.
Light-gray ( N6) massive, slightly calcareous quartz wacke. East shore of Lake
Messalonskee, 0.3 mile west of Cowan School.

Outcrops of black phyllite are commonly heavily coa,t ed with
limonite and manganese minerals. The rock is wdl cleaved and is
commonly crumpled by minor folds. Quartz and mucovite are the
dominant minerals, although graphite and pyrrhotite are common.

WatervilJe Formation
Name. Perkins and Smith ( 1925, p. 220) used the name Waterville
Shale to designate rocks exposed west of the Kennebec H.iver in the
vicinity of ' •Vaterville. This unit was somewhat vaguely defined and
originally included the Mayflower Hill Formation of this report. As
currently defined the Watervi1'le Formation includes the pelite and
interbedded limestone between the Mayflower Hill and Vassalboro
Formations. It also includes interbedded quartz wacke, phyllite, and
limestone vvest of the outcrop of Mayflower Hill Formation. For
convenience, that part of the \Naterville Formation exposed cast of
the Mayflower Hill Formation is called the eastern facies, and those
rocks belonging to the Waterville Formation west of the Mayflower
Hill Formation are called the western facies.
The ·e astern facies of the Waterville Formation is dominantly
thinly laminated phyllite. A prominent member of limestone, possibly
300 feet thick, appears about midway between the top and bottom of
the formation. A horizon of black phyllite can be mapped locally
beneath the limestone unit (see PL 1).
The western facies of the Waterville Formation contains abundant
quartz wacke and limestone. The ilimestone appears in sev·e ral beJt.s
of outcrop, which may represent a single folded unit or several
limestone units interbedded with the wacke in a normal sequence.
Although outcrops are poorly exposed, the repetition of sequence
suggests the first alternative. The distribution of the units is shown
in Plate 1.

Dark medium gray phyllite forms .the upper part of many beds.
Quartz is abundant as anhedral grains <0.02mm in size. The quartz
grains are interwoven with fine-g11ained muscovite, the orientation of

Although the rocks of the eastern and western facies of the
vVaterville Formation are in part lithologically different, they must
be considered to be fateral equivalents. The intervening Mayflower
Hill Formation, which separates the eastern and western facies of
the Waterville Formation in 'l.'he vVaterville-Vas'salboro area, is not
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3.

p11esent south of Belgrade. South of this point the eastern facies
may be traced directly into the western facies. Columnar sections
comparing the eastern and western facics appear in Figm e 3.
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Lithology. The rocks of the Wat-erville Formation arc mainly
greenish gray pelitc, quartz wacke, gray limestone, mjnor black
phyllite, and their metamorphic ·equivalents. Mineral assemblages
characteristic of the low-pressure intermediate group of metamorphism
defined by Miyashiro ( 1961, p. 283 ) are developed in these rocks.
Modes appear in Table 2.
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Thickn ess. The contact of the Wate rville Formation with the
Mayflower Hill Formation is gradational by interbedding over a
distance of about 50 feet. Its contact with the Vassalboro Formation
is drawn on the first massive beds of wacke. Locally a black phyllite,
0 to 100 fee t t hick, occm s at this contact.
The thickness of the Waterville F ornmtion may be as great as 3000
f.eet.
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southwest to Belgrade parallel to the valley that contains Messalonskee
Lake and Messalonskee Stream. Its contact with stratified rocks to
the west is not exposed within the Waterville-Vassalboro area.
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Figure 3. Columnar sections comparing the eastern and western facies of the
Waterville Fonnation.

Distribution. The eastern facies of the Waterville Formation is
exposed in a northeast-trending belt that extends from the vicinity of
Fairfield to the southwest corner of the map ( PL 1). The outcrop of
the eastern facies is t hree to four miles wide.
Rocks of the western facies of the Waterville Formation underlie
much of the northwestern third of the area ( PL 1 ). Its eastern
boundary extends from a point 1.4 miles 4 ° from Colby College
12

Greenish gray pelite characteristically consists of 1/ 16 inch to 1/ 8
inch beds of micaoeous quartzite alternating with 1/2 inch to 1 inch
beds of phyllite. A pronounced schistosity parallels the bedding in
most places, although it h·uncates bedding in the noses of some
isoclinal folds. At higher grad es of metamorphism the schistosity is
interrupted by porphyroblas ts of garnet, andalusite, stamolite, and
cordierite. Photographs of the pelite are illustrated in flgure 4.

In the chlorite and garnet zones of metamorphism the pelitc is
represented by purplish phyllite and gr-eenish gray phyllite with or
without garnet. The proportions of biotite and chlorite are variable
depending on the bulk composition and the metamorphic grade.
Garnet is never abunda nt. Purplish phyllite may be studied on Houte
201 under the railroad bridge 0.3 mile south of Fairfield. Greenish
gray phyllite may be examined 1.2 miles 314° from North Sidney, and
greenish gray phyllite containing garnet is exposed on rtihe east-west
road 320" 1900 feet from Longfellow School.
Thin sections of pelites show quartz in rectangular or wedge-shaped
grains, < 0.02mm across, with mosaic articulation. Most of these
grains have slightly undulatory extinction. Muscovite forms subhedral
plates, < 0.02mm to 0.05mm in size. It generailly has good shape
orientation that detennines the schistosity. In all phyllites, including
those wit:hout biotite, the basal x~ray spacings indicate normal musco13
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Table 2
Modes of the Waterville Formation ( Based on visual estimates )

(JJ

}>

.I .:

1~1.1

x

<l

92

l

3

1

10
1%

x

1

85

2

1
4

11
7%

x

25

28

20

25

<l

12
1%

L
2.
3.
4.

Greenish gray ( 5GY6 / 1 ) phyllitc. 1.1 miles. east of Winslow-Waterville bridge.
Greenish gray ( 5GY6/ 1) phyllite. Intersection of Drummond Road and Route 95, 1.3 miles northwest of North Sidney.
Light greenish gray ( 5GY7 /1) phyllite with garnet. 0.3 mil e northeast of Vassalboro.
Light grayish blu e ( 5B7 I l ) mica schist with andalusitc, staurolite, and garnet. 1.9 miles north of North Augusta .
.5. Light gray ( N6) mica schis t with cordierite. W est Sidney .
6. Medium gray ( N.5) massive, quartz wacke. Route 23 , 2.5 miles south o f Oakland.
7. Medium gray ( N5) massive, q uartz wacke. North end of M essalonskee Pond, 2 miles northeast of Oakland.
8. Light gray ( N6) massive, slightly calcareous quartz wacke. In brook 1 mile west of Oakland.
9. Medium gray ( N4 ) limestone, 0.2 miles n01theast of BM 334. Belgrade.
10. Medium gray ( N5) limestone. 1 mile northwest of :°'forth Sidney.
IL Medium gray ( >15 ) marble. Route 95, 2.3 miles northeast of North Augusta.
12. Light gray ( N3 ) lime-silicate granuli te. 0.3 mile southeast of Stone School, North Augusta.
13. Medium dark gray ( N4 ) mica phyllite with pyrrhotite. Hammond Brook, 2.9 miles southwest of North Sidney.

Quartz
Microcline
Plagioclase
Muscovite
Biotite
Chlorite
Garnet
Andalusite
Sillimanite
Staurolitc
Cordierite
Actinolite
Diopsidc
Calcite
Graphite
Pyrrhotite
Accessories
Clas ts
Matrix
Granobla.stic
Schistose
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4C). Under the microscope the porphyroblasts arc 7 mm to 1 cm in
length. Commonly cordicrite is sieved by biotite, quartz, and some
muscovite. Boundaries are symplectitic. ll-vailues indicate that the
cordierite is low cordierite (Miyashiro, 1957, p. 44 ). Chlorite occurs
in nearly all specimens as plates as large as 0.2rnm across. These plates
cut across the schistosity indicating itihat their growth post dates that
of the muscovite and biotite. Accessories include tourmaline, zircon,
magnetite, and local pyrite.

vite ( not phengite ). Chlorite is intimately intergrown with muscovite
and is of such a grain size that in many specimens its presence can be
unambiguously recognized only by x-ray methods. Biotite is porphyroblastic ranging in size from 0.02mm 'to 0.13mm. The plates are subhedral with somewhat ragged edges and contain minute inclusions of
quartz. 1\fany crystals do not have good preferred orientation. Garnet
occurs as euhedral to subhedral po:·phyroblasts 0.05mm to 0.06mm
across. Most grains contain inclusions of quartz and opaques. Hematite, magnetite, and ilmemite are the common opaques.
In higher grades of metamorphism the pelite is represented b y
light gray mica schist exhibiting somewhat coarser grain size than
rocks of lower grade. Quartz, biotite, and muscovite are the dominant
minerals. Garnet, andalusite, staurolite, and cordierite form in those
rocks of appt'opriate composition and under requisite external conditions. Outcrops of quartz-muscovite-biotite-staurolite-andalusite-garnet
schist may be observed along Bog and Middle Roads north of North
Augusta, and cordierite-bearing schist may be seen in W est Sidney.

•

In these rocks quartz form s a mosaic of grains 0.02mm to 0.03mm
across. It occurs in both the groundmass of the schist and in quartzrich beds and segregations. The quartz in the segregations reaches
l.3mm in size and exhibits consertal articulation. Most grains of
quartz show undulatory extinction. Muscovite forms porphyroblasts as
well as subhedral plates in 'the groundmass. The porphyroblasts are
0.3mm to 0.4mm across, whereas in the groundmass the muscovite is
0.05mm to 0.06mm in size. It has simple articulation. Much of the
muscovite has preferred orientation and its parallelism defines the
s·chistosity. Biotitc tends to be porphyroblastic in some specimens,
but in others it is a bout the same size as muscovite. Its size ranges
from 0.06mm to 0.2mm. It forms subhedral plates with somewhat
ragged edges, a nd commonly encloses quartz and zircon. Staurolite,
in grains 3.4mm to 4.8mm across, forms euhedral to subhcdral porphyroblasts. These crystals are crowd ed with inclusions of quartz, muscovite, garnet, and chlorite. A few grains show ghost~like spirals of
inclusions suggesting rotation of the grain during its growth. Many
stauroli tc crystals are twinned on l 232 J. Andalusite occurs as prismatic crystals 0.14mm long grouped into irregularly shaped glomeroblasts that i1each a size of 2.7mm. These glomeroblasts include
quartz and biotite. Garnet forms euhedra.l to subhedral porphyroblasts,
0.07mm to 1.3111111 across. Most garnet crystals have opaque inclusions
at their center with clear rims. Cordierite forms as subhedral hexagonal
prisms that dissolve out to form pits on a weathered exposure (Fig.

Quartz wacke occurs only in the western facies of the Waterville
Formation. It is either gray and biotite-rich or green because of
abundant chlorite. Commonly, small white grains o.f feldspar are
prominent, particularly on weathered surfaces. The waeke occurs in
beds 6 inches to over 8 feet thick (Fig. SA). In some beds wacke
grades up into dark gray phyllite ( Fig. 5B). Other beds show no
grading. At most exposures the wacke is cut by cleavage that truncates
bedding.
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A.
Figure 5. Quartz wackc in the Waterville Fonnation. A. Quartz wacke, 0.4 mile
92° from Oakland. B. Graded bedding in quartz wackc, spillway to Central
Maine Power Station, 2.4 miles 51 ° from Oakland.

Although the quartz wacke is exposed in the chloTite and garnet
zones of metamorphism, the differences in mineralogy in the two
zones are slight and a single description will suffice. Exposures of
quartz wacke and phyllite may be examined 0.5 mile 153° from Oakland and on Route 27, 1.75 miles 0° from Sidney Church (Pl. l).
Microscopically, the quartz wacke consists of clasts 0.03mm ,t o
0.2mm in si~e set in a matrix whose grain size is generally less than
0.03mm. Clnsts of quartz, feldspar, slate, and volcanic rock make up
20 to 30'}1c of the rock. The quartz occurs as both single and multicrys'~ailline fragments. Some of <the feldspar clasts are filled with
sericitic inclusions, whereas others are clear and polysynthethically
twinned. The volcanic fragments contain feldspa1· of intermediate
composition. All the clasts are subrounded to subangular and have
their shortest dimension approximately perpendicular to the schistosity.
The matrix of the quartz wacke consists of fine-grained quartz, and
lesser amounts of biotite, muscovite, and chlorite. The micaceous
minerals have prefe1'red ori,entation that defines the schistosity. In
some rocks the muscovite and biotitc are slightly porphyroblastic. The
porphyroblasts are not as 'w ell oriented as the grains of the same
minerals in •the groundmass. Calcite forms irregularly shaped grains
in some specimens. Accessories include ilmenite, magnetite, pyrite,
tourmaline, apa tite, and zircon.

•

A.

B.

Gray limestone is present both in the eastern and western facics
of the vVaterville Formation. It characteristically is well bedded with
1 to 4 inch beds of limestone alternating with 1/ 4 to 2 inch beds of
phyllite. At some locailities thin be ds of limestone are sufficiently
sandy to display prominent cross-bedding on weathered smfaces
(Fig. 6A). The limestone is cut by cleavage and numerous quartzcalcite veins. A characteristic exposure of the limestone is shown in
Figure 6B.
Limestone is progressively metamorphosed from the chlorite zone
through the sillimanite zone. Outcrops characteristic of the chlorite
wnc may be obse rved beneath the Waterville-Winslow bridge or the
spillway of the Central Maine Po-wer st~1tion 2.4 m~les 51 ° from
Oakland. Exposmes of limestone in the garnet zone may be examined
in the "Blue Rock Quarry" 1.6 miles 236° from North Sidney, and
marble in irhe sillimanite zone may be studied in tihe turn-around 1.9
miles 195° from North Augusta.

c.

In the chlorite and garnet zones of metamorphism the limestone
locally contains such minerals as biotite, actinolite, and garnet.

~igurc 6. . Limestone member of the Waterville Formation. A. Cross-beddin,
bn sa~dy hme~tone, Scbasycook Rivei:, Bento~ Falls. B. Characteristic "ribbon~
odd~ng of limes~one, Kennebe<;: River, Winslow bridge. C. Quartz-calcitcd1ops1?e mar?le mterbedded with quartz~biotitc-diopsidc schist, turn-around
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1.9 miles 195 from North Augusta.

/

The garnet and actinolite a1ie present in rocks of appropriate composition that have recrystallized under conditions of the higher part
of the garnet zone.
On a microscopic scale calcite forms anhedral grains 0.02mm to
0.08mm in size, the coarser grain size occurring a t higher metamorphic
intensity. Grains h ave simple a rticulation and are not visibly twinned,
although the calcite in cross-cutting veins is twinned. Quartz fonns
clasts 0.05mm to 0.08mm across. These grains have simple articulation
and most show slight undulatory extinction. In general they are
scattered through the calcite-rich layers, but locally quartz is weakly
concenh.,ated into beds. Biotitc, in grains 0.06mm to O.lmm across, is
distributed throughout the rock. Biotite h as fair shape orientation.
Plates are subhedral and most contain minu te opaque inclusions.
Ac tinolite forms under more intense conditions of metamorphism in
the garnet zone. It fonns elliposidal porphyroblas ts 0.9mm to 3.6mm
in length which in hand specimen stand out in relief. In thin section
these porphyroblasts include biotite and finely divided opaques. Garnet forms porphyroblasts 0.4mm to 0.9mm in size. Crystals are subheclral to euhedral and contai n inclusions that are distributed either
in diamond or square patterns. Accessories include graphite, muscovite,
chlorite, apatite, ilmenite, zircon, and p yrite.
In the a ndalusite-staurolite, the cordierite, and the sillimanite zones
the limestone is represented by marble and granulite locally con taining
quartz, biotite, actinolite, diopside, and/ or garnet ( Fig. 6C ).
In general the marble and granulite at this metamorphic grade are
coarser and lighter in color than those of the lower zones.
Calcite forms anheclml grains with simple articulation. Grains range
in size from 0.06mm to 0.3mm. Inclusions of quartz and muscovite
are pres·ent in some grains. F ew show twinning. In the andalusitestau ro1ite zone actinolite forms bladed porphyroblasts 0.16mm to
l .7mm long. These crystals are euhedral to subhedral with somewhat
symplectitic boundaries. Actinolitic hornblend e forms in the sillimanite
zone in rocks of requisite composition. It forms bladed crystals 0.05mm
to 0.16mm long. These crystals have mutual contacts with diopside
and garnet but were not observed in contact with calcirte. Diopside
forms stubby crystals 0.06mm to 0.2mm in size. They are subhedral and
have simple articulation. Garnet occurs as porphyroblasts up to 3.2mm
across. These crystals are euhedral to subhcdral. Some are fractured
and most include calcite, quartz, chlorite, and opaques. Biotite occurs
as subhedral pla tes 0.08mm to 0.8mm across. It is scattered through
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calcite-rich beds and is highly concentrated in t he siliceous interbeds.
So1~e grains include quartz, zircon, calcite, and opaques. Quartz, in
g~~ms o._o2mm to 0.03m.m in size, forms anhedral grains with simple
ai hculatwn. These grams are sparse, isolated constitu ents in the
c~!citc ri~h beds but are the most abundan t constituen ts in the
s1~10eo~1s mterbeds'. T~e larger grains of quartz show undulatory
extinc~wn. ~ccessones mclude sphene, muscovite, chlorite, plagioclase,
graphite, zircon, magnetite, and p yrite.

.Bl~ck p~yl~ite is comparatively insensitive to metamorphic reconstitution w1 th111 the metamorphic con ditions realized in the \.VatervilleVassalboro area. Consequentl y, a single description will suffice. Its
most characteristic feat~tre is the weathered condition of its exposures.
O~tcrops are coated with up to 1/ 2 inch of limonite and manganese
mmerals that color the outcrop orange and black. On fresh surfaces
the. r?ck is medium gray, and apparently unbedded. ALI exposures
exl11b1t excel1ent schistosity that commonly is crumpled.
The microscope shows that the principal minerals are muscovi te
quartz, graphite, and pyrrhotite. Muscovite forms subhedral plate~
that ran~e fro.m 0.02mm t o 0.03mm in size. The crystals have good
shape on en tat1on that defines the schistosity. Qua1tz, in grains 0.24mm
ac1:oss o~curs in small pods and lenses. It is anhedral and has mosaic
~r~ic~latwn. '.'1ost of the quartz shows undulatory extinction. Graphite
is mtlmately i.ntergrown with muscovite. It occurs as either small plates
many of which parallel the schistos.ity or as fine dust distributed
t~rough the rock. Pyrrhotite occurs in glomeroblasts up to 2.2~mm in
s1z~. The crysta.ls ~re anhedral and have somewhat embayed boundancs. Accessones mclude sphene, zircon, and biotite.

Vassalboro Formation
Nam e. Perkins
and Smith ( 1925, p . 222) grouped
· 1y
.
'
· ''-h
l
e massive
b e dd c cl '. blmsh grayvvacke cropping out 'between the Kennebec River
and Ch ma Lake into the Vassalboro Sandstone. Both Fisher ( 1941,
P· 124). and Barker ( 1961, p. 17 ) emended the name to Vassalboro

Formation. Be~at~se the unit contains numerous argillaceous interbeds
a~d because it is represented in different metamorphic grades by
different textures and mineralogy, the name Vassalboro Formation is
preferred.

Distribution. The Vassalboro Formation undenlies somewhat Jess
than th~ ~ou~heastern half ~f the Waterville-Vassalboro area ( Pl. 1 ).
Its contact with the vVatcrv1lle Formation -lies just ,east of the Sebasti21

cook Ri ver, crosses the Kennebec River near Vassalboro, and lies just
east of North Augusta at the south margin of the map.

At rhe lower grades of metamorphism the wacke is represented
by granulite consisting of such minerals as quartz, biotite, calcite,
ankerite, chlorite, muscovite, plagioclase, astinolitc, and garnet.
A typical exposure is shown in Figure 7 A.

Thickness. Only the west contact of the Vassalboro Formation is
exposed within the Waterville-Vassalboro area. This contact, against
the vVaterville Formation, is abrupt. Locally, a discontinuous black
phyllite, O to 100 feet thick, separates massively bedded wacke of the
Vassalboro Formation from the greenish-gray phyllite of the vVaterville F ormation, but where black phyllite is absent, the wackc and the
greenish-gray phyllite are juxtaposed.
The thickn ess of the Vassalboro forn1ation is unknown, as its eastern contact is not e::\.'Posed within the a1iea of study. However, its
large area of outcrop suggests that it is at least several thousand feet
thick.

Lithology. The Vassalboro Formation consists of a monotonous
sequence of heavy bedded wacke with minor phyllitic intetbeds. A
thin black phyllite at the contact with the W ate rville Formation is
discontinuous along strike. Two additional black phyllite units occur
within the body of the Vassalboro Forn1ation. Their exposure, however,
is insufficient to allow them to be mapped continuous,ly, and their
stratigraphic relationships are uncertain.
The rocks of the Vassalboro Formation have recrys ta llized in
response to low-prcssw-e intermediate metamorphism (see Miyashiro,
1961, p. 283). E::\.'POSures c haracteristic of low grade metamorphism
may be observed on Route 137, 2.5 miles from Winslow. Outcrops
characteristic of higher grade metamorphism may be seen in the
quarry 1.6 m iles 186° from Vassalboro and on Route 201, 1.5 miles
36° from Augusta.
Heavy bedded, light-grayish blue, slightly calcareous wacke is the
dominant lithoJogy. Thin beds of medium gray phylli.te, although
ubiquitous, are distinctly less abundant than the wacke. Black phyllite
and qu artzite are minor in amount. Modes appear in Table 3.
Beds of light-grayish blue wacke range from 3 inches to over 10
feet in thickness. Most beds are even textured and show few internal
sedimentary features. Exceptions, noted locall y, include scour~and-fill
and crude grading. In general the beds display little of the rhythmic
grading characteristic of the Mayflower Hill F ormation. Schistosity
is only crudely developed. Wacke that has recrystallized in higher
grades of metamorphism contains ellipsoidal segregations of carbonate
and lime-silicate mi nerals.
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In these rncks quartz forms both clasts and matrix. As clas ts it
is subrounded to subangular and is O. lmm to 0.2mm in size, whereas
in the matrix it is 0.02mm to 0.03mm in size. Arrticula'tion is simple.
Most grains of qua1tz show undulatory extinction. Biotite, in grains
as large as 0.05mm occurs as subhed ral tabular crystals. The mientation of these plates is t o a laTge extent controlled by the boundaries
of the quattz grains, although some preferred orientation has been
~stablished over and beyond this control. Biotite ~rns simple articulation, though many grains contain inclusions of opaques and tiny grains
of quartz. Chlorite may also be present but never in the same abun-
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Ta ble 3
Modes of the Vassalboro F or mation
(Based on visual estimates)
Quartz
l'vl icrocline
Plagioclase
Muscovite
Biotitc
C hlorite
Garnet
Andalusite
Sillirnanite
Actinolite
D iopsidc
Clinczoisitc
Calcite
An kerilc
Pyrrhotite
Graphite
Accessories
l.

2

3

4

5

63 %

60 '/o

69 %

32 e1c

25 '7o

f5

5

3

25

15

35
7

43

15
1
7

20

.5

6
30 %

3
52

10
10
13
3

1
7

3
10
2
1
2
l
3
5
Lig ht-gray ( 1 6) , fine-grained, calcareous wacke. 1.8 miles e-ast of H ayden
Corner.

2.

Light-gray ( N6) biotitc-actinolite granuUte. Quarry l.7 miles south of Vassalboro.

3.
4.

Lig ht-g ray ( N7) diopsidc-actin olite granulite. 0.3 mile west of Spectacle Pond .
Dark-gray ( N4 ) mica phyllite. 0.3 mile northwest of Taber Hill.

5.
6.

Med iu m gray ( N.5) silli manj tc-mica schist. 0 .8 mile 25 ° from south Vassalboro.
D ark-gray ( N4 ) p hyllite. 0.3 mile east of Vassalboro.
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At higher grades of metamorphism the wacke 1s Tepresented by
granulite consisting of various combinations of quartz, plagioclase,
biotite, actinolite, diopside, clinozoisite, hornblende, and calcite.
Biotite, actinolite, hornblende, diopside, and clinozoisite occur as
porphyroblasts set in a matrix of quartz and disseminated calcite.
Biotite and the prismatic minerals have only a rough preferred
orientation. Characteristic p hotographs appeaa· in Figure 7.

8.

A.

dance as biotite. It forms subhedral plates 0.03mm to 0.02mm across
and generally has simple articulation. Calcite and/ or ankcrite occur
as common con!.tituents of this wacke. These grains have simple
articulation, and their size ranges from 0.03mm to 0.08mm. 'The carbonate is disseminated as anhedral grains which locally coalesce to
form glomeroblasts. Actinolite, found only in the garnet zone occurs
as sunbursts and single crystals. Some of the larger crystals reach
0.08mm in length. The crystals are subhedral and have simple
articulation. Garnet, although not common, occurs sporadicaHy
as subhedml grains and glomeroblasts. Its size ranges from 0.2mm
to 0.4mm. The ·exterior boundaries of the garnet are simple, but the
interiors are crowded with inclusions of quartz and biotite. Accessories
include muscovite, apatite, sphene, tourmaline, zircon, plagioclase,
ilmenite, magnetite, and pyrite.

•

In thin section, quartz forms anhedraJ gm.ins, 0.02mm to 0.03mm
across, with simple articulation. Most grains show considerable undulatory extinction. Actinonte and hornblende occur as poikiloblasts
and glomeroblasts from 0.3mm to 0.8mm long. They include quartz
and calcite. Biotite is scattered through the rock and locaHy it is
intiergrown with the actinolite. It forms subhedral plates with somewhat ragged margins, and its size ranges from O.lmm to 0.6mm across.
Zircon and quartz arc common inclusions. Locally it is inte rleaved
with c hlorite. Clinozoisite forms subhedral prisms, O.lmm to 0.2mm
long. Its articulation is simple. Cakite forms irregularly shaped grains,
O.OSmm to 0.2mm in size. Accessories include sphene, apatite, zircon,
chlorite, and plagioclas·e.

Figure 7. Vassalboro Formation. A. CharactcrisUc e~posure of Vassal?oro
wacke in low mctamor1>hic grade, Route 137, 1.0 ~rnle 92 from .Hayd~n Co1 n.cr.
B. Quartz-plagioclase-actinolite-biotite granuhte mterbeclded w~th n~1ca. sc.h1st,
H.oute 201 2.7 miles 50° from Ballard School. C. Quartz-plag1oclasc-d1ops1deactinolite-biotitc granulite, Houte 201 , 0.9 mile 100° from Ballard Svhool.

Two types of phyllite are interbedded with the wacke of the
Vassail.boro Formation. One is medium dark gray and biotite-rich; the
other is light gray or light greenish gray and contains abundant
musoovite with subordinrute biotite. The medium dark gray pelite
ocours in 1 inch to 3 inch beds with sharp contacts with the enclosing
wacke. These b eds are irregularly distributed in the wacke and always
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make up a minor part of any stratigraphic section. The greenish gray
phyllite is thin bedded and contains 1/ 8 inch to 2 inch quartz-·r ich
layers alternating with mica-rich layers. In short st1«atigraphic intervals
the proportions of phyllite to wacke vary considerably, but phyllite
to wacke ratio rarely exceeds 3:7. Schistosity is well developed in
both phyllites and commonly is essentially parallel to bedding.
At low grades of metamorphism the greenish gray phyllite consists
of quartz, muscovite, chlorite, and biotite. Biotite is porphyrob1astic
and is set in a fin e-grained matrix of quartz, muscovite, and
chlorite. The biot~te forms subhedral plates with ragged edges.
Many include quartz, muscovite, and zircon. 11heir size ranges from
O.lmm to 0.3mm. Quartz, in grains < 0.02mm in size, occurs as anhedral
grains with mosaic ·a rticulation. Muscovite is interwoven with the
quartz, forming subhedral plates 0.02mm to 0.03mm across. These
crystals have good shape orientation which determines the schistosity.
Chlorit·e, although not unambiguously identified optically, is indicated
by x-ray methods. It is intima<tely interleaved with muscovite. Accessories include zircon and pyrrhotite.
The dark-medium gr·a y phyllite also consists essentially of quartz,
biotite, muscovite, and chlmite. Porphyroblasts of biotite have rectilinear arrangement. These porphyroblasts are set in a groundmass
of quartz and muscovite. Chlorite is subordinate. Biotite, in grains
0.05mm to 0.2mrn across, occurs as subhedral plates enclosing quartz
and zircon. Quartz forms grains < 0.02mm in size. These grains are
anhedral and have mosaic boundaries. Muscovite is in plates < 0.02mm
in size also. It is interwoven with the quartz, but its orientation
is sufficiently preferred to define the schistosity. Chlorite forms
sparse porphyroblasts which reach a size of O.lmm. These plates
poikiloblastically enclose quartz and opaques. Accessories include
magnetite, ilmenite, and zircon.

undulatory extinction. Biotite, O.lmm to 0.3mm across, forms subhedral
crystals with simpJe boundaries. Some grains .include quartz, muscovite, opaques, and zircon. Muscovite occurs as subhedral plates exhibiting simple articulation. Their size ranges from 0.4mm 'to 0.5mm
across. Some grains include quartz. Garnet forms rounded porphyroblasts 0.3mm to 0.7mm in size. Most crystals are fairly clear of inclusions although some contain small amounts of quartz and biotite.
Andalusite occurs as small needle-like grains that form clusters of
irregular shape. These clusters enclose all other minerals. Sillimanite,
when present, occurs as fibrolite. Accessories are tourmaline, magnetite, and plagioclase.
The equivalents of the medium dark gray phyUite contain biotite
a nd muscovite in a decussate arrangement with quartz and minor
plagioclase in the interstices. Fibrolite is commonly associated with
the biotite. Biotite, in plates 0.05mm to 0.2mm across, is subhedral
with ragged boundaries. Many crystals include quartz, sillimanite,
and zircon. Muscovite forms subhedral plates with simple boundaries.
Its size ranges from 0.2mm rto 0.3mm. Some of the larger grains include
quartz, biotite, sillimanite, and magnetite. Fibrolite occurs in masses
composed of many sma ll needles. It is generally associated with biotite.
Andalusite, when present, occurs as small needle-shaped crystals that
form clusters. The clusters, unlike sillimanite, are commonly associated
with quartz. Quartz, in grains 0.02mm to O.lmm in size, forms
anhedral grains with mosaic articulation. Most of the quartz exhibits
some degree of undufatory extinction. Plagioclase occurs as anhedral
grains with simp1e articulation. Their size is 0.05mm to 0.2mm. Some
grains enclose quartz. Polysynthetic twi nning is common. Accessories
are magnetite and zircon.

At high grades of metamorphi sm both the light-greenish gray
phyllite and the dark-medium gray phyllite contain minerals such as
quartz, biotite, muscovite, garnet, a ndalusite, and sillimanite.

Dark gray phyllite containing abundant pyrrhotite and interbedded
dark gray quartzite constitute a minor lithology in the Vassalboro
Fomiation. The rock contains lenses of p yrrhotit'e and thin quartzose
seams that parnllel a well-developed schistosity. This schistosity is
essentially pa.raHel to bedding. On weathered surfaces the phyllite
is black and rusty.

In the equivalents of the light greenish gray phyllite biotite and
muscovite have crudely p amllel orientation that defines the schistosity.
The micaceous minerals are interwoven with quartz and minor
plagioclase. Porphyroblasts of garnet and glomeroblasts of andalusite
inte1irupt the schistosity. Quartz occurs as anhedral grains with simple
articulation. Its size ranges from 0.05mrn to 0.2mm. Ma.ny grains show

The dark gray phyllite consists of fine-grained muscovite with
good parallel alignment. Graphite is disseminated throughout the
rock. Little quartz is visible except in pods and lenses. Pyrrhotite
is scattered through the phyllite and locally is concentrated into lensshaped glomeroblasts. The muscovite is 0.02mm to 0.03mm across and
is subhedral with simple articulation. It has good shape-orientation
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that defines the schistosity. Quartz, in grains 0.2mm in size, forms
anhedral crystals with mosaic articulation. Most grains exhibit
undulatory extinction. Graphite is associated with muscovite. Pyrrhotite is a prominent accessory.

Table 4
Stratigraphic Column
Age

Fon11ation

Lithology

Devonian
or
Silurian

Vassalboro
Formation

Massively bedded, bluish gray wackc
with minor intcrbeds of gray phyllite

Silurian
( probably
\Venlock or
Ludlow)

Waterville
Fon11ation

Eastern facics: thinly laminated
greenish gray phyllitc; intcrbedded
gray limestone and gray phyllite in
beds 1 to 3 inches thick

THE STRATIGRAPHIC COLUMN
The sequence adopted here has been established mainly on the
basis of facing-directions within the Waterville-Vassalboro area.
Features that indicate facing-direction are common, but they are
significant only where located a1t contacts between rock units because
of ubiquitous isoclinal folding. Thus, information bearing on the
stratigraphic sequence is meager and to a degree uncertain. Pertinent
observations suggest that the Mayflower Hill Formation, the Waterville Formation, and the Vassalboro Formation are younger in the
order listed. This sequence is tentative, however, and as the regional
geology of south-central Maine becomes more completely understood,
revisions in this stratigraphy may be necessary.

Silurian
( upper
Ll::mdovcry)

( 2 ) The contact between limestone and thinly laminated phyllite
and quartzite of the Waterville Formation is exposed beneath
the east end of the brid~e between Fairfield and Benton
Station (Pl. 1). The relationships are shown in Figure 8. Thirty
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Western facies: heavy bedded quartz
~acke some of which are graded;
111tcrl?cxl?ecl gray Umestonc and gray
phylhte m beds 1 to 3 inches thick:
greenish gray phyllite

3000± feet

Heavy bedded. bluish gray wacke
and phyllite. Bcd5 arc prominently
graded

Greater
than
IOOOfeet

to ~orty feet west across strike from the contact, the thinly
lammated phyllite and quartzite exhibit graded beds that face
east indicating that the limestone is the younger unit. This exposme is bhe western-most outcrop of limestone east of the
Mayflower Hill Formation (see Pl. 1), and therefore the limestone and associated phyllite of the \i\Tarerville Fo1mation must
overlie the Mayflower Hill Formation.

A columnar section for the Waterville-Vassalboro area is presented
as Table 4. Relationships suggesting this sequence are detailed below.
Those observations pertaining to the stratigraphic positions of the
Waterville and Mayflower Hill Fo1mations are as follows:
( 1) Wacke and limestone of the Waterville Formation is exposed
in the spill-way of th e Central Maine Power station located
one mile 295° from Colby College (Pl. 1). The graywacke
displays well developed graded bedding that indicates a "younging" toward the west. Somewhat less obvious graded bedding is
preserved in the graywacke at the contact with the limestone.
The relationships at this contact also indicate that the sequence
becomes younger toward the northwest. Because the limestone
is not repeated toward the east between the outcrops described
above and the contact between the \Vaterv ille Formation and
the Mayflower Hill Formation, the formational contact must
be assumed to face west also, i.e., the \Vaterville Formation
must be regarded as younger than rthe Mayflower Hill Formation.

~avflowcr

Hill
Formation

Thickness
Probably
several
thousand
feet

( 3 ) Both the Mayflower Hill Formation and the Waterville Formation ~ontain fossils. Berry ( wribten communication, 1962) has
descnbed Monograptids from the Mayflower Hill Formation
and Inocaulis from the Waterville Fmmation. Berry ( written
communication, 1963) writes as follows concerning the relative
ages of the two forms.
\

'

"I can't give you a definitive answer to the question of relative
ag~ of th~ heels with Inocaulis and these with the i\fonograptus
priodon-Iike and related forms. lnocaulis does range from
Ordovician into Silurian. The forms most like those from Maine
seem to occur in. beds of about late Wenlock or perhaps early
Ludlow age. This would appear to make the beds with robust
ln~caulis. a bit younger than the beds with the Monograptus
pnod~n-hke and related forms. My suggestion, and it's just
~hat, is that :he lnocaulis-bearing beds are a bit younger. This
1s a very hesitant suggestion ... because we have such limited
information about the ages of rocks bearing Inocaulis . .."
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A single observation is significant concerning the relative positions
of the Waterville and the Vassalboro Formations.

( l ) Outcrops of the Waterville formation occur within 10 feet of
outcrops of the Vassalboro formation in the small brook 2250'
167° from Longfellow School, North Sidney (Pl. l ). An exposure of graded bedding 20 to 30 feet from the contact indicates that the Vassalboro formation overlies the 'Waterville
forma tion.
Age and correlation
General statement. Age determinations of the formations within
the Waterville-Vassalboro area hinge on fossils contained in the rocks
and on the sequence established from primary sedimentary structures.
Correlations with rocks in outlying rngions are based on similarity of
age as deduced from contained fossils, similarity of lithology, and/ or
similarity of sequence.

N
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Mayflotcer Hill Formation. The Mayflower Hill Fonnation has
been dated on the basis of a few fragmentary graptolites. Perkins
( 1924 ) described two graptolite 'localities within this formation,
one at the quarry 1.1 miles 0° from Colby College, and the second
on "the road from Fairfield to Faiifield Center, about half way between the two places, . . .". He states that the fossils from the two
localities "all seem to be Monograptus".

20'

Ru edeman (in Perkins, 1924, p. 225-226) described a graptolite
from a collection housed at Colby College.
"The specimen, partly preserved in pyrite and embedded in black
slate, but without label, belongs to the group of Monograptus priodon;
. . . The form differs, however, from M. priodon in its remarkably
coarse structure, which distingui·shes it also from all other congeners.
It may therefore be here distinguished as M. colbiensis . . . ."

Contact
between
Is ond sl.

Figure 8.

The loca tion from which this specimen was collected was not given.

Stratigraphic relationships at Fairfield-Benton bridge.

Ruedeman also compared fossils "from northwest of Waterville"
( presumably from the Messalonskee quarry) with the above specimen.
H e concluded that, although the material was poorly preserved, a
single species of M onograptus was present, and it probably was identical with M. colbiensis.
Ruedeman indicates a late Llandovery to lower Wenlock age for
these fossils.
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A new collection of graptolites was made by Robert G. Doyle from
the quarry north of Colby College (written communication, 1960)
and sent to William B. N. Berry. Berry (written communication, 1962)
has found the following fossils in this collection:
M onograptus halli (Barran de)?
Monograptus cf. M. priodon (Bcronn)
Monograptus sp. - with lobate thecal and ventral curvature
Monograpttts sp. - with ventral curvature, thecal shape?
Monograptus sp. - with lo bate thecae that apparently have
spinose apertures
Petalograptus? sp.
He suggests a late Llandovery age for this assemblage.
The Mayflower Hill Formation is the same age as that of part of
the Smyrna Mills Fonnation (Pavlides and Berry, 1966) , the Hovey
Hill Formation at Maple and Hovey Mountains (Pavlides, 1962', p. 23)
in northeastern Maine, the unnamed limestone at Presque Isle ( Boucot,
et al, 1964, p. 28), and the Quoddy Shale at Eastport (Bastin
and Williams, 1914, p. 3).
Based on similarity of lithic type and stratigraphic sequence the
Mayflower Hill Formation is equivalent to the Kittery Formation
in southeastern Maine (Hussey, 1962, p. 20-22), and the Allsbury
Fonnation near Shin Pond in north-central Maine (Neuman, oral
communication, 1959).

Waterville Formation. Meager observations of primary sedimentary features have been interpreted to indicate that the Waterville
Formation overlies the Mayflower Hill Formation. On this basis, because the Mayflower Hill Formahon contains Monograptids of Late
Llandovery age, the ·waterville Formation must be Late Llandovery
or younger.

collections of undoubted Silurian age. Thus, on the basis of the
general shape and size, I would sugges't the phyllitc bearing those
forms is probably Silurian in age."
After a restudy of these specimens, Berry (written com1m;nication,
1964) stated:

I

"As you will see, I haven't changed my opinion much from what
I wrote you in March except that I feel a bit more strongly thart the
Benton Station material indicates a s'lightly younger age for the rocks
than those near Waterville. I have come it·o this somewhat stronger
stand on the basis of evaluating the evolutionary development
within the genus Inocaulis such as it is and trying to place the
Benton Station material in the light of that development. On the
basis of position in terms of evolutionary development within the
genus, the Benton Station Inocaulis compares most favorably with
the level of development attained by Wenlock and Ludlow age species
of Inocaulis. Because no undoubted species of the genus have been
recorded from Llandovery age beds, this conclusion is tenuous for
I have no way of knowing what level of development was attained
during the Llandovery by members of this Genus . . . . . but at the
moment and on the basis of the evidence at hand, I believe the Benton
Station beds to be . ... about vVenlock or perhaps Ludlow in age."
On the basis of the stratigraphic position as indicated by meager
sedimentary features and on the probable age of the contained
fossils, the Waterville Formation is assigned a \i\Tenlock or possibly
Ludlow age.

The above age is consistent with that of dendroid graptolites
col1ected by William Forbes and the author from Benton Station
(Pl. 1) . This collection apparently consisted of a single genus of
dendroid graptohte, Inocaulis, and some markings similar to those
described by Raymond ( 1931). The fossils were sent to William B. N.
Berry. He reported (written communication, 1962):

The Waterville Formation is presumably the same age as the
Dennys Shale (Bastin and Williams, 1914) near Eastport and the
lower Perham Formation ( Boucot et al, 1964) near Presque Isle. It is
lithologically similar to, but not necessarily corrnlated with, the
Island Falls Formation ( Ekren, oral communication, 1959) near
Patten, part of the Meduxnekeag Formation (Pavlides, 1965) at
Houlton, the Noyes Mountain, Berry Ledge, and Moody Brook
Formations (Guidotti, 1965) at Bryant Pond, the Scarboro, Spurw:ink,
and Jewell Island Formations (Katz, 1918) near Portland, and possibly
the Eliot Formation (Hussey, 1962) near Kittery.

"The genus lnocaulis is known to occur in rocks of Ordovician
and Silmian age but the majority of the species are from the Silurian.
Also, large .robust forms like the ones sent to me are known on'ly from
the Silurian. I have seen specimens similar to those you sent in

Vassalboro Formation. The age of the Vassalboro Formation
cannot be given unequivocally. Sedimentary features at Hs contact
with the Waterville Formation suggest that it lies above the Waterville
Formation. Thus 1 because the Waterville Formation has been assigned
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to the Wenlock or possibly the Ludlow, the Vassalboro Formation
must be \Venlock, or younger.
An upper limit for the age of the Vassalboro Formation is provided by intrusive bodies of granodiorite and quartz monzonite. On
the basis of lithic similarity to bodies dated by racliomeb·ic methods
(Faul e t al, 1963), these bodies are assigned an Early Devonian age.
Thus, the Vassalboro Formation must be Wenlock to earliest Devonian
in age.
On the basis of its lithology and stratigraphic position, it is correlated
wirh the Lobster Lake and the Hardwood Mountain Formations
( Boucot, 1961 ) of the Moose River area, the Upper Perham Formation
( Boucot et al, 1964 ) near Presque Isle, the Pembrnke and Edmunds
Formations (Bastin and Williams, 1914 ) at Eastport, the Ludden
Brook Fo1mation (Guidotti, 1963) of the Bryant Pond quadrangle,
and the Berwick Formation ( Hussey, 1962) of southern Maine.

DESCRIPTION OF THE ERUPTIVE ROCKS

General statement
The erupti ve rocks occur as dikes of plagioclase granulite, and as
bodies of binary quartz monzonite, biotite granodiorite, and hornblende diorite.

Dikes of plagioclase granulite
Mode of occurrence. Dikes of plagioclase granulite are two to
ten feet thick. Most are essentiaHy parallel to the bedding in the limbs
of nearl y isoclinal folds (Fig. 9A) , altihough at a few localities they
cut across bedding 'at a large angle. All of the contacts, when examined
closely, have local crosscutting relationships with the enclosing
stratified rocks.

The dikes have been recrystallized to assemblages which are
characteristic of the chlorite zone of me tamorphism. In addition to
the metamorphism these dikes are cut by a well developed cleavage,
and at some localities are deformed b y minor folds and by boudinage.

Distribution. Dikes of plagioclase granulite have been observed
in an area bounded by Fairfield, Waterville, North Vassalboro, and
the east margin of the map (Pl. 1). They intrude the Waterville and
the Vassalboro Formations. Dikes are well exposed for study in the
Scbasticook River at Benton Falls and in the Kennebec River under the
Waterville-Winslow bridge ( Pl.l).
34

A.

B.

Figure 9. Relationships of ?ikes of plagioclase grnnulite to isoclinal and asymmetrical folds, Sccast1eook Hwer, Benton Falls. A. Dike cutting isoclinal fold in
limestone member of \Naterville Fonnation. B. Asymmetrical folds with north
trending axial surfaces deforming dike.

Lithology. Dikes of plagioclase granulite consist dominantly of
highly altered, subhedml plagioclase. Grains of plagioclase range
in size from O.lmm to 0.4mrn in greatest dimension. Many grains display polysynthetic twinning. Grains of calcite, 0.03mm to 0.2mm in
size, are subhedral to anhedral. These grains commonly form ramifying
aggregates around the plagioclase. Quartz is anhedral and slightly
strained. It occurs in grains 0.03mm to O.lmm in size. Muscovite forms
subhcdral plates varying in size from dust included in plagioclase to
grains 0.2mm across. The larger grains form part of the matrix in
which the feldspar is embedded. The muscovite in the matrix has
good shape orientation. Magnetite is ithe only accessory. A mode
is presented in Table 5.
The protolith of the plagioclase granulite, based on its composition,
is perhaps a leucocratic granodiorite. The comparison, however, is
on ly approximate because of metasoma tic changes that have occurred
in the dike-rock during metamorphism.
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Age. The dikes intrude crocks presumed to be of Silurian age,
and they cut isoclinal folds and some open folds in the surrounding
rocks. On the other hand, the dikes are recrystallized to a mineral
assemblage tha•t reflects the regiona'1 metamorphism. They are also
deformed by the youngest folds of the area (Fig. 9B).
Regional considerations, combined with these local observations,
suggest the possibility that the dikes were emplaced in Late Silurian
or in Devonian time.

Hornblende diorite
Mode of occurrence. The hornble nde diorite forms inclusions and
remnants of a preexisting rnck in biotite granodiorite.
Distribution. Two areas of outcrops of hornblende diorite, 1/ 2
to 3/ 4 mile in size, occur wit'hin the ibiotite granodiorite exposed
at the south ma·r gin of the map, south of Threemile Pond (Pl. 1).

Lithology. The hornblende ·d iorite has not been studied in any
detail. It is an equigranular, hypidiomorphic diorite that consists
of hornblende and oligoclase-andesine in about equal amounts. Biotite
is present in some specimens.
Age. The hornblende diorite occurs as inclusions in biotite
granodiorite, and consequently it is older than the granodiorite.
Its age relationship to folding has not been determined.

Biotite granodiorite
Mode of occurrence. The biotite granodiorite forms an oval stock
elonga1ted parallel to the regional strike of the country rocks, but on
a local scale its contacts cut acl'oss the stratification in the adjacent
rocks, and near its contacts the biotite granodiorite commonly contains
numerous inclusions. Smaller sateillitic bodies include a small stock
and numerous dikes.
Distribution. The boundary of the biotite granodiorite passes
thmugh W esit vVindsor, west of South China, north and west of South
Vassalboro, and Anderson Pond (Pl. 1). A small outlying stock crops
out at the northern margin of the main body of granodioriite. Numerous
dikes have been 'located, and ·w here their size warrants it, they have
been placed on Plate l.

Table 5
Modes of Eruptive Rocks
(Based on visual estimates)

Quartz
Microcline
Plagioclase
Muscovite
Biotite
Chlorite
Garnet
Hornblende
Calcite
Accessories

1

2

~

6'/c

33 %

30 %

20
40 ( Ani s)

35
30 ( An12)
2

76

8
4

2

<l

<l
<l

3

<l

6

4

<l

l.

Vcry light-gray ( N7) plagioclase granuli te. East bank of Kennebec River.
0.2 mile south of Waterville-Winslow Bridge.

2.

Light-gray, coarse-grained, inequigranular-seriatc granodiorite. 0.35 nrile
southeast of Tlueemilc Pond.
Light-gray, coarse-grained, cquigranular binary quartz monzonite. 0.75 mile
nor thwest of Ballard School.

3.

due to the preferred arrangement of the bioUte . Plagioclase forms
subhedral to euhedrnI grains 0.6mm to l.6mm in size. Polysynthetic
twinning is common, and most grains are slightly altered to sericitc.
Myrmekitic intergrowths are pres·e nt where grains of plagioclase and
alkali feldspar are adjacent. Quartz occurs as inegular grains 0.2mm
ito 0.5mm in size. It commonly exhibits undulatory extinction and
mortarboard arrangement. M~crocline, in grains 0.6mm to l.6mm in
size, forms insets. It shows grid twinning and fine p erthitic intergrowths. Micmcline is either embayed by or includes pfagioclase and
hiotite. Biotite occurs as subhedral p lates 0.5mm to l.5mm across.
These crysbals have irregula'l· edges, and locally they have altered to
chlorite. Some specimens contain garnet or hornblende. Accessories
include apa tite, zircon, dinozoisite, and magnetite. A mode is present
in Table 5.

Lithology. The biotite granodiorite is inequigranular-seriate. It
contains plagioclase, quartz, microcline, biotite, and locally garnet
or hornbfonde. The biotite grandiorite has a perceptible foliation

Age. The biotite granodiorite tiransects the isoclinally folded
Vassa!lboro Form ation and henoe is younger than the isoclinal folding.
It is Ji.thologically simila'l· to the Hartland "gvanite" near Skowh egan.
Faul et al ( 1963, p. 9) report a Middle Devonian Pb/ alpha age for
the Hartland "granite". Because of the hthic similarity of the two
bodies, they are believed to have been intruded at the same time.
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Binary quartz Monzonite
Mode of occurrence. The binary quartz monzonite occurs as lenticular stocks that in a general way are elongated parallel to the regional
strike of the host rock. vVhen examined in detail, however, the contacts of the binary quartz monzonite with the host rock are crosscutting. Inclusions of host rock, numerous pcgmatites and satellitic
dikes complicate the contact relations.
Distribution. Binary quartz monzonitc forms a narrow triangular
outcrop south of North Augusta (Pl. 1) . It also forms a tear-drop
shaped body that lies roughly between Tolman Pond, the hill west of
Spectacle Pond, Churchiill School, and Hewins School. T wo small lensshaped bodies lie just east of Augusta. A large body of binary quartz
monzonitc underlies Bickford, Howland, and Mutton Hills in the
northwest corner of the \Vaterville-Vassalboro area. The boundary of
this body is difficult to delineate because of poor exposure.
Litlwlogy. The binary quartz monzonite near Augusta has been
described by Barker ( 1961, p. 52-95) and that near Tolman Pond, in
part, has been studied by Goodspeed ( 1962, p. 33-51). A mode appears
in Table 5. Plagioclase, microcline, and quartz form an interlocking,
inequigranu lar mosaic. Muscovite and biotitc are scattered through
the rock without good preferred orientation. Microline, in grains
0.5mm to 0.9mm in size, fonns equant grains with somewhat irregular
margins. Most of these grains are free of inclusions and exhibit
grid twinning. The difference between the x-ray reflections 2 8 ( 13i )20( 17ii ) indicates a composition of Ors~ · Plagioclase occurs as grains
0.9mm to l.4mm in size. These crystals are subhedral and prismatic.
Their composition is An 1s as detennined by immersion methods.
Albite and earlsbad twinning are common; pericline twinning is less so.
Quartz forms anhedral grains, 0.5mm to 0.9mm in size. Much of the
quartz has a mortarboard arrangement. All grains are strained. Biotite
is sporadically distributed through the quartz monzonite. It occul'S as
subhedral plates, 0.09mm to 0.9mm across. Muscovite, in flakes
0.3mm to 0.8mm across, is subhedral and possesses a limited preferred
orientation. Garnet fonns subhedral grains, 0.05mm to 0.5mm in
diameter. These grains are free of inclusions and have simple articulation. Accessories are zircon, apatite, chlorite, and magnetite.
1

Augusta. Faul et al ( 1963) have given a Rb-Sr age of 384-390 my for
a binary "granite" at South Orland. T he two bodies are lithologically
similar and were probably intruded at approximately the same time.
The Pennian date is interpreted to be metamorphic. Thus, the intrusion
of the binary q uartz monzonite is assigned a Lower Devonian age.
STRUCTURAL

GEOLOGY

l\fajor Structural Features
General statement. The major structural features are delineated
on the basis of the distribution of lithic units and the stmtigraphic
sequence established during areal mapping. Field observations of
sedimentary features at the contacts of the Mayflower Hill and the
'Waterville Formations indicate that the Mayflower Hill Formation
forms the core of a large anticline. T his an ticline must be regarded
as one of the major structural features of south-central Maine. On
a local scale, too, the distribution of lithic w1its indicates that the
sequence is considerably folded, and in single outcrops beds are
commonly folded.

Ma;or folds. The distribution of lithic units outlines numerous
folds in Plate l. Isoolinal folds with wavelengths of the order of
0.4 to 1.0 mile corrugate the stratigraphic succession. Higher order
harmonics produce large folds, such as the anticline delineated by
the Mayflower Hill Fonnation. Judging from regional reconnaissance,
the large folds have wavelengths of the order of 15 to 18 mi les.
The axial traces of tihe folds within the Waterville-Vassailboro
a11ea are shown in Figure 10. The axial traces trend approximately
N.40°E. The fold patterns are symmetrical and elongated indicating
upright folds with gentle plunges. Many folds are doubly plunging
within the limits of the map-area. The patterns of the folds are
similar regardless of whether they occur in pelite, limestone, or
massive wacke.
1

The flexure in the limbs of the eastern most anticline ( 1.5 miles
145° from Winslow) outliried by the limestone member of the vVaterville Formation ( Fig. 10 ) is interpreted as a late fold. The fact that
it folds both limbs of the anticline supports this view

Age. The .binary quartz monzonite intrudes rocks of Silurian
and possibly earliest Devonian age, and cuts across the regional
trends of isoclinal folds. Hurley et al ( 1958) have reported a K-A
age of 260 my (Permian) for the binary quartz monzonite near

General Statement. Minor structural fea,tures are abundantly
displayed in the Waterville-Vassalboro area. Bedding and schistosity
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wacke beds are rarely in contact without an intervening bed of
phyllite. The \Vatervillc Formation also contains alternations of
phyllite and thin beds of quartzite and within limestone units alternations of limestone and phyllite or quartzite.

t

+

Figure 11. Equal area projection of poles of bedding; contours 1, .5, 10, 15,
20, and 25 % per 1 'I< area; 720 poles.
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Figure 10.

A.11t1cline
Sync line
Late fol d

Axial traces of folds in the Waterville-Vassalboro area.

are exposed in nearly all outcrops, and cleavage, minor folds, and
boudin.age, although less commonly observed, are locally well d eveloped.

Attitudes of bedding are indicated by appropriate symbols on
Plate l. In addition an equal-a rea projection shows these data
( Fig. 11 ) for the 'e ntire area. The well defined maximum indicates
the general uniformity of the data. The average strike is approximately N.45°E. and dips are within a few degr-ees of vertical.

Cleavage-bands. Cleavage-bands are developed throughout the
area, and particularly in phyllite and limestone. The cleavage-bands
a re shears along which the foliation in the rock is dragged. In the
Waterville-Vassalboro area they deform both bedding and schistosity.

Bedding. Bedding is preserved in all lithie units. In the Vassalboro,
the Mayf.lowor Hill, and the WaterviHe Formations heavy beds of
wacke are separated by thin bed s of phyllite. Where observed,

Cleavage-bands have two orientations. One set ~trikes N.5°E. to
N.l0°W., and the other set N.87 °E. to N.8:3°W. Dips are steep. The
north-trending set drags the foliation into right-handed patterns, whereas the east-triending set drags the folia tion into left-handed patterns.
T ypical cleavage-bands are illustrated in Figure 12.. Both shears arc
present at many localities, but at others only a single shear is pr-esent.
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-Figure 12.

Cleavage bands in well-bedded limestone, Benton Falls.

Minor folds. Three contrasting styles of minor folds are present
in the Waterville-Vassalboro area; faoclinal folds, monoclinal flexures,
and asymmetric folds. Attitudes of t hese folds are indicated by
conventional symbols on Plate l.

A.

B.

Figure 13. l soclinal folds. A. Isoclinal folds in Mayflower Hill Formation (note
graded beds), l.2 miles 98 ° from Oakland. B. l soelinal folds in limestone
member of \\'atervillc Formation, 1:cnncbcc River, 0.1 mile south of the \ Vatarvillc-Winslow bridge.

their plunges in Figure 14B. The clustering of the poles of axial
surfaces indicates a certain degree of uniformity of attitude over the
entire area. Axial smfaces strike N.35°E. to N.45°E. and d ip steeply.
Plunges are gentle, of the order of 5° to 20°, either to the northeast
or southwest.
Monoclinal flexures occur sporadically. These flexures deform both
bedding and schistosity. They have both right-handed and lefthandecl rotational senses. The right-handed ~lexures have axial surfaces
that strike approximately north and dip steeply. The left-handed
flexures have axial surfaces that strik;e nearly cast and dip steeply.
Plunges are steep regardless of rotational sense. These relationships
are shown in Figure 15A and B.

Isoclinal folds are observed in all metasedimentary units. Their
style is shown in Figure 13A and 'B. These folds are essentially
symmetrical with wavelengths from 10 feet to 200 feet. They deform
bedding but not schistosity. Beds are greatly thickened in crests and
troughs, and schistosity is parallel to their axial surfaces and cuts
across bedding at a large angle in their noses. Attitudes of axial
surfaces of these folds are plotted in the projection of Figure 14A and

Asymmetric folds are the most commonly observed folds in the
Waterville-Vassalboro area. Their ~1:yles are shown in Figure 16A
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Figure 14. Equal area projection of isoclinal folds. A. Poles of axial surfaces;
contours 2, 6, 10, 14, 18, and 22.'/o per l '/(, area; 43 poles. B. Poles of axes;
contours 2, 6, 10, 14, 18, and 22 % per 1 '/, area; 43 points.

Figure 15. Equal area projeotions, for flexures. A. Poles of axial surfaces;
rotational sense of folds is indic.;al'od · 17 poles. B. Poles of axes; rotational sense
is indicated; 17 poles.
'
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B.
Figure 16. Asymmetrical folds. A. Asymmetrical folds with north-trending
axial surfaces in phylli te of the Waterville I• ormation, Kennebec luver, 0.2 mile
south of Waterville-Winslow bridge. B. Asymmeb·ical folds with north-trending
axial surfaces in the Vassalboro Fonnation, Route 137, 1.8 miles 92 ° from H ayden
Corner.
'':l

B
Figure 17. Equal area projections for asymmetrical folds. A. Poles of axial
surfaces; contours 2, 4, 6, 8, 10, and 12 % per l % area; 137 poles. B. Poles of
axes; contours 2, 4, 6, 8, 10, 12, and 14 % per 1 % area; 137 poles.
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and B. These folds deform bedding, and in addition they locally fold
schistosity and cleavage. Both right-handed and left-handed folds
occur, but the right-handed type is more abundant. The axial surfaces
of these folds have strikes that range from l .58°E. to N. 12° W. and
dips are generally steep. Their plunges are moderate to steep. These
data are shown on the equal area projection of Figure 17A and B.

Schistosity. Schistosity is well developed in phyllitic beds of all
units, and, although developed to a lesser extent in the wackes
and limestone beds, it is still perceptible. In the phyllites the
schis,tosity is obviously due to the parallelism of fine-grain ed muscovite
and chlorite. In the wackes the schistosity results partly from the
preferred orientation of ellipsoidal grains of quartz. In addition,
fine-grained muscovite, chlorite, and biotite wrap around the quartz,
and the resu lting orientations enhance the schistosity. In limestone
and marble the schistosity is due to the preferred orientation of
muscovite and biotite.
Attitudes of schistosity are indicated on Plate 1 with conventional
symbols. The schistosity is sensibly parallel to bedding in most
outcrops, and, thus, like bedding has a uniform orientation throughout
the area.

+

Figure 18. Equal area projection of poles of cleavage· contours 2 4 6 8 ·rncl
10% per l % area; 188 poles.
'
' ' ' ' <

Although schistosity closely paralleils bedding in the WatervilleVassalboro area, it cannot be considered to be mimetic after bedding.
Schistosity cuts across bedding in the noses of some isoclinal folds.
These folds are distributed throughout the area, and therefore these
relationships must be true for the entire area. Consequently, the
schistosity must be regarded as a secondary structural feature related
to the development of the isoclinal folds. The paraHelism of schistosity
and bedding is coincidental.

Boudinage. Although boudinage is common in the vVatervilleVassalboro area, it was not intensively studied in this investigation.
In some boudinage the brittile layer is necked at the boudin line,
whereas in others the brittle layer is sheared off in such a way as to
suggest that the bouclin line follows the intersection of a shear plane
with the bedding. No information was collected to indicate whether
or not the bouclinage were developed in several episodes of deformation.

Cleavage. Although cleavage occurs throughout the WatervilleVassalboro area, it is less well developed than schistosity. Attitudes
of cleavage arc shown on Plate 1 with appropriate symbols. In
addition these data are shown in Figure 18 in an equal area projection for the entire area. The maximum indicates that many
cleavage surfaces strike N.24°E. and dip steeply. However, the poles
lie in a partial girdle so tha t the strikes <range from N.35°E. to N.l8°W.

Structural Synthesis
General statement. In this section the writer attempts to unify the
diverse sh·uctural observations. Relationships between structural features at certain exposures clearly show that the deformational history
is complex. Three stages of deformation are recognized, and, in
general, features that formed during the same stage of deformation
have characteristic ranges of orientation over the entire area.

The cleavage is observed as close-spaoed fractures. In phyl\ite
and limestone it is a slip cleavage, whereas in heavy bedded wacke it
approaches a fracture cleavage.

The areal distribution of lithic units ( Pl. 1) and direct observations
of minor structural features indicate that folding is the principal
mode of deformation and schistosity and cleavage are consequences
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of folding. Of the folds associated with each of the three stages of
deformation, those belonging to the earliest phase are much the largest
and the folds fonned in succeeding episodes of defonnation are small
and do not appreciably control the areal distribution of rock units.
The characteristic ranges of orientation of structural features formed
in a given episode of deformation implies that elements of each episode
developed in response to a unique regional stress field. Some inferences
regarding the regional stress field for each episode can be made.

E ap lano t1on

1- ar
r:/. 73

[ 82
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beds

Cleo vo9e

Relative ages of structural elem ents. Cleavage-bands cut isoclinal
folds. They have not been observed to cut asymmetrical folds. On tihe
other hand, the cleavage-bands are not folded or deformed, and their
observed orientations are similar throughout the Waterville-Vassalboro
area. The cleavage bands are inte rpreted to have formed late in the
tectonic history when the rocks deformed brittlely and isotropically.

Monoclinal flexures deform isoclinal fold s but their relationships
with the asymmetrical folds have not lbeen established by direct observation. Indirect argument suggests that the monoclinal flexures were
form ed either contemporaneously \.vith or just prior to the cleavagebands. The axial surfaces of these flexures have the same orientations
as do the cleavage-hands. Furthermore, the rotational senses of the
monoclinal flexures are iden<tical to those of the cleavage-bands, i.e.,
those having axial surfaces that strike north are right-handed and those
having axial surfaces that strike east are left-handed ( Fig. 15 ). This
identity of orie ntation and rotational sense b etween the cleavage-bands
and monoclinal flexures suggests that tthey were .formed in the same
stress field and at approximately the same time.
The orientations of asymmetricail folds are diverse but not random
( Fig. 17 ). For convenience it is well to separate these folds into two
groups on the basis of their rotational senses and the trends of their
axial surfaces. The following designations arc used: right-handed
asymmetrical folds with north-trending axial surfaces, right-handed
asymmetrical folds with northeast-trendjng axial surfaces, left-handed
asymmetrical folds with northeast-trending axial surfaces, and lefthanded asymmetrical folds with east-trending axial surfaces.

N

t
Figure 19.

Folded folds a t \Vinslow.

The right-handed asymmetrical folds with north-trending axial
surfaces are younger than the isoclinal folds. Figure 19 contains a
sketch-map of an isoclinal fold with identically oriented right-handed
asymme trical folds in both limbs. Such relationships can occur only if
the right-handed asymmetrical folds developed later than the isoclinal
folds. Furthermore, the right-handed asymmetrical folds with north-

trending axial surfaces were fo rmed in an episode of deformation
distinct from that in which the isoclinal folds were formed. F igure 9A
shows a d ike of plagioclase granulite cutting across a limb of an
isoclinal fold. At the same locality ( Fig. 9B ) a dike of plagioclase
granulite is folded by right-handed asymmetrical folds with northtrending axial surfaces.
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The right-handed asymmetrical folds with north-trending axial
surfaces are also younger than left-ha nded asymmetrical folds with
northeast-trending axial surfaces. Thus, in Figure 20, a small righthanded asymmetrical fold with north-trending axiaJ surfaces deforms
cleavage in a left-handed asymmetrical fold with northeast-trending
axial sudaccs.
No age relationships were observed between the right-handed
asymmetrical folds with north-trending axial surfaces and the righthanded asymmetrical folds with northeast-trending aJ>..ial surfaces.

However, the orientations of the right-handed asymmetrical folds with
northeast-trending axial sudaces are similar to those of the left-handed
asymmetrical folds with northeast-trending axial surfaces, and on this
basis these two northeast fold sets are thought to be of the same age.
This correlation suggests that the right-handed asymmetrical folds with
north-trending axial su rfaces aPe younger than the right-handed
asymmetrical folds with northeast-trending axial surfaces.
Both the left-handed asymmetrical folds with northeast-trending
axial surfaces and those with east-trending axial surfaces deform
schistosity, which elsewhere is shown to be parallel to the axial
surfaces of isoclina1 folds. Consequently, both sets are younger than
the isoclinal folds.
Left-handed asymmetrical folds with northeast-tre nding axial surfaces are deformed by right-handed asymmetrical folds with northtrending axial surfaoes ( Fig. 20). Therefore, these folds must be older
than the right-handed asymmetrical folds with north-trending axial
smfaces.
No relationships have been observed between left-handed asymmetrical folds with east-trending axial surfaces and the right-handed
asymmetrical folds with north-trending axial smfaces. H owever, t hey
are believed to be contemporaneous because both these left-handed
and right-handed asymme trical folds have orientations that are
similar to those of conjugate monoclinal flexures. Thus, these sets of
asymmetrical folds are interpreted to be conjugate also.
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Folded d eavage, Benton Falls.
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Isocl ina! folds are deformed by all other structural elements
observed in the Waterville-Vassalboro area. Moreover, these isoclinal
folds mmt represent the initial deformation in the area, because
primary sedimentary fea tures, where observed, are consistent with
isoclinal anticlines and synclines. Figure 13A shows graded bedding
consistent with an isoolinal anticline and an isoclinal syncline. Such
relationships would not necessarily exist in later folds.
Much of the variation in strike of cleavage ( Fig. 18 ) is attributed
~o the ,existence of cleavages developed in more ithan a single episode
of deformation. Presumably each set of cleavage initially had a
characteristic orientation, but the special orientation of the earlie r
cleavage has been somewhat modified by later folding. In addition
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some variation in strike may be due to the control exerted by beds
of differing competency. Cleavage makes a smaller angle to bedding
in pelite than in waeke. Little regional variation in orie ntation could
be asce rtained.
These structural observations and conclusions are consist,e nt with
three episodes of deformation. The earliest deformation is represented
by the isoclinal folds. The latest deformation is represented by cleavagebands, monoclinal flexures, and the conjugate asymmetrical folds
( the righ t-handed asymmetrical folds with north-trending axhl surfaces and the left-handed asymmetrical folds with east-trending axial
surfaces ). Mo1-,cover, the latest deformation oc-curred after a time
lapse sufficient for the emplacement of dikes and, therefore, must be
considered a distinct episode. An intermediate deformation is suggested by the left-handed and right-handed asymmetrical folds with
northcast-h·ending axial surfaces. These folds may represent either
a distinct episode of deformation or merely an extension of the
earliest deformation.
Inferences concerning the regional stress field. The characteristic
icntations of structural features belonging to a single episode of
deformation suggests that the regional stress field during the deformation was approximately uniform. Mo:·eover, the orientations
of structural features identified with each episode of deformation
suggests that the regional stress field diffe red from episode to
episode. Some inferences concerning the orientations of the regional
stress field for each episode of deformation can be made from the
orientations of structural features.
01

Because the isoclinal folds ru:e much larger features than folds
produced b y subsequent deformations, their orientations have not
been much altered by subsequent deformations. Experimental work
( Biot, 1961; Ramberg, 1963) on th e formation of similar folds in a
single episode of deformation suggests that the maximum compressive
stress lies in a plane normal to the axes of the folds. Thus the principal
compressive stress at the time of the initial folding is inferred to
lie in a plane that strikes N.51 °W. and dips 80°S.W. Because the folds
are symmetrical, the maximum compressive stress must have been
nearly horizontal within this pla ne.

The .folds of the third episode of defo rmation have been interpreted
as con1ugate folds, and the stress relationships involved in conjugate
folds have been studied by Ramsay ( 1960 ). The principal stress
direction is the bisector of the angle between the axial surfaces of the
conjugate pairs. This direction is 5°-10° N.43 °E. Pres umably the
asymmetrical folds with north- and east-trending axial surfaces the
monoclinal flexures, and the cleavage-bands represent a series of s'tructural features formed in the sam e stress field as the rocks became increasingly brittile.

METAMORPHISM
General statement
The rocks of the 'IVaterville-Vassalboro area are conve niently
grouped. according t o their compositions into pelitic rocks, calcareous
quartz-rich rocks, and argillaccous limestones and marbles. The
dominant lithic type of the Waterville Formation and minor interbeds
in the Vassalboro Formation is pelite, most of the lithic types of the
Vassalboro, the Mayflowe r Hill, and the western facies of the vVaterville Formations are calcareous quartz-rich rocks, and the limestone
r:iembers of the ·w aterville Formation belong to the argillaceous
limestone group. All the mcks have been progressively recrystallized
from the north increasing to the south; so that toward the south t here
were minerals formed which are not present in rocks of similar composition ~o the north. This recrystallization is the result of progressive
changes 111 external conditions realized during metamorphism.
The first appearance of certain metamorphic minerals in rocks
of a given. ~om positional group can be mapped as isograds. Those
fo~ the P.clitic rocks appear on Plate 1. The development of an index
mine ral for an isograd, however, is compositionally sensiti ve and not
al~ rocks on the high intensity side of the isograd crystallize the index
mmeral. Moreover, the isograds based on pelitic rocks cannot be used
in rocks of other compositional groups.

Pelitic rocks

The asymmetrical folds with northeast-trending axial surfaces are
identified with a second deformation. Folds of the second deformation
wer,e formed with the maximum compressive stress orie ntation in a
direction 8° N.58°W.

~he pelitic rocks are represented by a variety of mineral associat ions
which depend on external conditions and the composition of the
~rotolith. In a general way the increase in grade of metamorphism
m these rocks can be indicated b y isograds drawn on the first
appearance of garnet, staurolite-andalusite, cordierite, and sillimanite
( Pl. 1) .
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In the chlorite and biotite zones of metamorphism, which occur
north of the garnet isograd, three assemblages have been observed:
quartz-muscovite-chlorite-hernatit·e
quartz-mus co vi te-chlorHe
quartz-muscovite-chlorHe-biotite.
The biotite of the last assemblage is porphyroblastic, and rocks
containing it have ·r ecrystallized under slightly higher metamorphic
conditions than rocks of ·e quivalent composition that develop the first
two assemblages.
The garnet zone is characterized by nearly colorless to red euhedral
garnets in rocks of appropriate composition. The following assemblages
have been observed:
quartz-muscovite-biotite-chlorite-garnet
quartz-muscovite-biotite-chlorite
quartz-muscovite-chlorite.
The first appearance of andalusite or staurolite in rocks of appropriate composition delineates the staurolite-andalusite zone. The
assemblages arn not all compatible under arbitrary external conditions.
As judged from the field occurrence, the associations containing
chlorite represent 'lower metamorphic conditions. The two groups
of assemblages are indicated below as A and B.
A

quartz-muscovite-biotite-chlori te-s tau mli te-garnet
q uartz-muscovite-andalusite-chlori te
quartz-muscovite-biotite-chlorite
quartz-muscovit·e -biotite
B

quartz-muscovite-biotHe-staurolite-andalusite-garnet
q uartz-musoovite-bioti te-sta urolite-garnet
quartz-muscovite-biotite-andrulusite-gamet
quartz-muscovite-bioti.te-garnet
qua1iz-muscovite-biotite

A
quartz-muscovite-biotite-staurolite-cordierite-garnet
q uartz-muscovite-biotite-cordieri te-garnet
qmrtz-muscovite-biotite-staurolite-garnet
quartz-m uscovi te-bioti te-<:ordieri te
quartz-muscovite-biotite~staurolite,

B
quartz-muscovite-biotite-andalusite-staurolite-cordierite-garnet,

c
quartz-muscovite-biotite-andalusite-cordierite-garnet
quartz-muscovite-biotite-andalusite-staurolite-garnet
quartz-muscovite-biotite-andalusite-garnet
quartz-muscovite-biotite-cordierite-garnet
quartz-muscovite-biotite-staurolite-garnet
quartz-muscovite-biotite-cordierite
quartz-muscovite-biotite-staurolite.
These assemblages are not stable under the same set of external
conditions. Group A ·r epresents a lower metamorphic intensity than
group B and C, and group B i1epresents a lower grade than does
group C.
Sillimanite does not have a wide occurrence. It has been observed
in thin sections of rocks collected from the south margin of the area.
It occurs as fibrohte and has a particularly dose association with
biotite. The characteristic mineral associations are :
quartz-muscovite-biotite-sillimanite-garnet
quartz-musco vi te-biotite-sillimanite.

Calcareous quartz-rich rocks
The following mineral 1ass·e mblages are representative of low
metamm1)hic grade in the calcareous quartz-rich rocks:
quartz-bio ti te-calcite-chlori te-m uscovi te
quartz-biotite-caleite-muscovite
q uartz-bio ti te-chlori te-calcite
quartz-calcite-chlorite.

Under more intensive metamorphic conditions cordierite develops
in association with andalusite and staurolite, and it serves to define
the cordierite isograd. Assemblages that are associated with cordieritebearing rocks or include cordierite are as follows:

Much of the calcite is ferroan calcite, and on weathered surfaces
produces limonite-filled pits.
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With a n increase in grade of metamorphism actinolite and
clinozoisite develop. The observed mine ral assemblages include:
q uartz-bioti te-calci tc-acti nolite-clinozoisi te-plagioclase
q uartz-bio tite-actinolite-clinozoisite-plagioclase
quartz-biotite-caleitc-actinolite-plagioclase
<1ua rtz-bioti te-plagioclase-calci te
q uartz-biotite-plagioclase.
At the highest grade obser ved in the vVa terville-Vassalboro area,
<liopside is stabilized. Mineral assembl ages characteri stic of this grade
are as fo.llows:
quartz-pl a gioclase-biotite-acti nol i te-d iopsi de-clinozo is ite
q uartz-plag ioclase-biotitc-horn blende-calcite-clinozoisite
q uartz-plag ioclase-biotite-calcite-actinolite-diopside
q uartz-bioti te-actinolite-cl inozoisite
quartz-plagioclase-biotite.

The n umber of variations in the compositions of coexisting minerals
at constan t external conditions is equal to the determining components
less the number of coexisting minerals. The external parameters, which
include temperature, pressure, and chemic::1l potentials of mobile components, are equal in number to the mobile components plus two.
In the pclitic rocks the determining components are considered
to be SiO'.!, Al'.!O:i, FeO, :\1g0, ~ l nO, and K'.!0-six in number. Assem blages of six minerals have no internal variability in the compositions of coexisting miner als at arbitrary external conditions. Thus,
the ra tios of exchangeable ions in coexisting c1ua rtz-111uscovi te-biotitestau rolite-garnet-chlorite, for example, wo uld be constant for a given
set of external conditions. Assemblages of fi ve minerals have a single
degree of compositional variability between coexisting minerals at
arbitrary external conditions; assemblages of four minerals have two
degrees of compositional variabil ity at arbitrary external conditions;
and assemblages of three minerals haH.' th ree degrees of compositional
variability at constant external conditions.

J, imestone and marble
The
marble
grade.
a t the
6C) .

most apparent effect of metamorphism of th e limes ton e and
is the coarsening of grain size with .increase in metamorphic
Reconstitution also takes place, but it becomes striking only
hi ghest grade of met amorphism (compare Fig. 6B and Fig.

At low g rade calcite, biotite, muscovite, chl o:-itc, and quartz are
asso ciated . vVith increase in m etamorphism actinolite makes its
appearance. The actinolite is porphyroblasti c, commonl y crowded
with inclusions of biotite so that they stand out as black grains on
th e wea thered surface. At the hig hest grade of m etamorphism diopside
occurs as well as ac tinolite and gross ula rite.

Conditions of metamorphism
Minera l associations that form in metamorphic rocks are a conseq uence of the relati ve amounts of the determin ing components1,
tempera ture, pressu re, and chemical potentials of mobile components~.
1Determining components are those w hose mutual relationships determine the
variety of mineralogical composition of a paragendic group ( Korshinskii 1959,
p. 71 ).

T he single assemblage of seven minerals was found at only one
locali ty. It is thought to represent a transition between two states.
In such transitions the number of minerals is one more than the
number of determining components (excluding accessory minerals) .
For this assemblage there is no compositional variability between
coexisting minerals, and the ex ternal conditions arc not arbitrary.
T here exists a single relationsh ip between them, i.e., the independent
external variables arc equal in n umber to the mobile components plus
one.
In the calcareous quartz-rich rocks and th e limestones and marbles
the mi neral associations can he represented by se\'Cn determining
compo nents ( Si O~, Al~O:., FeO, :\IgO. CaO, K'.!0, and :'\a'.!O ).
o
assemblages of seven mi nerals were observed in these rocks from the
\.Yaterville-Vassalboro area. Assemblages of six minerals ha ve a single
degree of compositional variability at arbitrary external conditions;
assemblages of five minerals ha ve two degrees of chemical va riability
at fixed external conditions; assemblages of four minerals have three
degrees of chem ical variability at fixed external conditions; and
assemblages of three minerals have four degrees of chemical variability a t constan t external condi tions.

~ M ob il e components are those whose chemical potentials arc d etermined for a
given min <:ral fa<: ies by the external con<litions ( Korshimkii 1959, p . 71 ).

Water an<l carbon diox ide arC' considered to he mobile components
and, therefore, their molecular amoun ts ar<' dep endeut on the external
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conditions. Arguments favoring this assignment arc two-fold. ( 1 ) In
rocks of appropriate composition, both water and carbon dioxide are
fixed in minerals of high grade assemblages to lesser extent than 'in
minerals of low grade equivalents. These rela tionships suggest that
both water and carbon dioxide were dri ven off during the metamorphic process. ( 2 ) If water and carbon dioxide were not mobile but
their amounts determined by the composition of the original sediment,
the type and number of carbonates or hydrated minerals should vary
stratigraphically in beds containing similar determining components
but different quantities of water and carbon dioxide. Such relationships
do not appear to exist in the \i\laterville-Vassalboro area.
No absolute values for temperature and pressure during metamorphism have been established. H owever, the existence of andalusite and
cordierite in regional,ly metamorphosed rocks suggests moderate
temperatures and relatively low pressures. Bell ( 1963, p. 1056 ) has
established the triple point for the Al~S iO~ syste m a t 300° C and
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Chlorite in the higher grade :zones of metamorphism in the
pelitic rocks exhibits anomalous relationships. It occurs as porphyroblasts that tru ncate the schistosity at a large angle. These relationships
suggest that the porphyroblastic ehlorite formed late in the sequence
of mineral formation. Two interpretations are possible: ( 1 ) the
porphyroblastic chlorite is a retrograde product formed after the
climax of metamorphism, or ( 2 ) the porphyroblastic chlorite is in
equilibrium with coexisting mafic aluminous silicates and merely
represents a recrys tallization of chlorite that was fom1erly finely
disseminated in the rock.
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8± 6Kb. Newton ( 1966, p. 1223) suggests a hiple point at 450°C
and 3.5Kb. The stability field of cordierite in rocks for which
PH~o= PTOTAL for pressure up to lOKb has been explored experimentally by Schreyer and Yoder ( 1964, p. 297-299). T hese relationships are shown in Figure 21, in which the path of metamorphism
is shown by the arrow. T he metamorphism must have occurred at
tempera tures up to 600 or 700°C and at fluid pressure below 4Kb.
These conditions are those of the Jaw-pressure-intermediate metamorphic group of Yfiyashiro ( 1961, p. 283).
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The fossils contained in the Mayflower Hill and the Waterville
Formations indicate that these rocks were deposited in Silurian time.
The Vassalboro Formation may have been deposited in L ate SHurian
or earlies t D evonian time. The c haracter of sedimentary rocks suggests
that they were deposited below wave base in a tectonically active
basin. No major stratigraphic breaks are reoognized within this
sequence.
After deposition and lithogenesis, the rocks now exposed in the
Waterville region were folded into isoclinal folds. This folding was
post Silurian and pre-Middle Devonian. Intrusives dated as Lower
Devonian cut the isoclinal folds. Probably only slight recrystallization
attended this early deformation.
Asymmetrical folds with northeast-trending axial surfaces postdate
the isoclinal folds. They may have been formed at the close of the
isoclinal folding, or they may have been formed in a separate episode
of folding.

Figure 21. Schematic diagram showing stability relations for kyanitc-andalusitcsilHmanitc and cordierite after the data of Schreyer and Yoder (1964), Bell (1963),
and Newton ( 1966). The stability field for cordierile from Schreyer and Yoder is
for Pti.,O = PTOTAL. Th e reduced stability field for cordicrito in the WatervilleVassal boro area may be du e to Pti.,o<PTOTAL, F e-content of natural cordierite,
or both. Arrow indicates path of metamorphism in Waterville-Vassalboro area.

Dikes of granodiorite composition cut both the isoclinal folds and
asymmetrical folds with northeast-tre nding axial surfaces. They are
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metamorphosed to plagioclasc granulitc and their recrystall ization
conforms to the pattern of regional metamorphism. Consequently, the
dikes predate the regional me tamorphism.
The granodiorite in the vicinity of Threernile Pond is lithologically
like the Hartland "granite·'. Faul et al ( 1963 ) ha ve elated the Hartland
"granite" as 450 my by the Pb/ alpha me thod and 356 my by K-A
method. Thus, the granodioritc of the \Vaterville-Vassalboro area is
interp1 eted to have been emplaced in Lower Devonian time.
The quartz rnonzonite cuts tlie granodiorite. Faul et al ( 1963)
report a Hb-Sr age of 384-390 my on muscovite from a binary
"granite" at South Orland. Because of the lithic similarity of the
"'granite" at South Orland to the quartz monzonite in the ·watervilleVassalboro area, the ages of both are interpreted to b e Lower
Devonian.
The conjugate folds deform the dikes of plagioclase granulite. They
a lso deform quartz veins and aplites associated with the biotitc granodiorite. On this basis the conjugate folds are interpreted to be youn ger
than the Lower Devonian.
Contact metamorphic aureoles are associated with the quartz
monzonite body in th e northwest part of the \tVaterville-Vassalboro
area ancl with similar intrusives to the north . Toward the south the
con tact metamorphism is overprinted by regional metamorphism.
Because the contact metamorphism must have an age similar to that
of the intrusive body, the regional metamorphism must be younge r
than the Lower De,·onian. The reduction in K-A ages on plutons
from north-central Maine toward the south coincides with the general
increase in regional metamorphism, and the wide spread occurrence
of the 260 my K-A age in high grade metamorphic terrains suggests
that the regional metamorphism is of that age, i.e., Permian.
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